Abstract. Unpolarized Raman spectrum of crystalline 2-(2'-hydroxyphenyl) benzoxazole in the region 15-350 cm -1 is compared with the results of densityfunctional based tight-binding lattice vibration calculations and oriented gas model. The Raman bands observed in the region 25-95 cm -1 are assigned to vibrations that are mainly external; the bands with the frequencies above 150 cm -1 are attributed to internal vibrations. It is demonstrated that the molecular in-plane bending vibration, which changes the distance between the oxygen and nitrogen atoms constituting a proton-transfer site, undergoes splitting and mixing with the out-of-plane and external vibrations, giving rise to the Raman bands observed at 115 and 140 cm -1 .
Introduction
A phenomenon of photoinduced excited-state intramolecular proton transfer has been attracting much attention of researchers for several decades as an ultrafast photochemical reaction and a process that could have many potential applications, e.g. when tailoring laser dyes and electroluminescent materials [1] . As an example, a photoreactive compound based on excited-state intramolecular proton transfer in a crystalline state has been probed as a possible lasing material [2] . Low-frequency intramolecular vibrations have been considered to play a prominent role in the proton transfer process, changing the distance between a proton donor and an acceptor [3] . In molecular crystals, intermolecular forces give rise to the vibrational motions corresponding to translational and rotational degrees of freedom of molecules. The frequencies of these external vibrations are usually located in the range 0-150 cm -1 and, moreover, new lattice modes treated as a result of mixed internal and external vibrations could appear [4] . According to the X-ray data [5] , the crystal lattice of 2-(2'-hydroxyphenyl)benzoxazole (HBO) is orthorhombic (Pna2 1 ), with four molecules per unit cell (see Fig. 1 ). The adjacent molecules are stacked into chains with interplanar distances 3.58 Ǻ. A high concentration of OH...O rotamers, which corresponds approximately to the ratio 1:1, has been determined by the X-ray data for HBO [5] . However, only the fluorescence band associated with tautomer has been found in crystalline HBO [6] . A study of the infrared spectra of HBO in the region of intramolecular vibrations has not revealed the bands that can be assigned to the vibrations of OH...O rotamers, thus pointing to a low number of this species [7] . The aim of the present work is to elucidate the influence of intermolecular forces on the lowfrequency vibrational spectrum of HBO in its crystalline state.
Experimental and computational details
Unpolarized Raman spectrum has been measured at the room temperature in a standard backscattering (135°) geometry, under excitation (532 nm) with the second harmonic of a Q-switched YAG:Nd . The vibrational modes of HBO crystals have been calculated with a known density-functional based tight-binding method (DFTB), with a third-order correction and a van der Waals interaction correction implemented within a DFTB+ program package [8, 9] . The latter correction was performed using a Lennard-Jones potential with UFF parameters [10] . A 3×3×3 supercell folding has been employed for the Brillouin zone sampling. The phonon calculations have been performed with taking no rotameric disorder into account for the Brillouin zone centre under quasi-harmonic approximation that assumes the cell parameters fixed at the values taken from the X-ray data [5] . The vibrations of the isolated molecule have been calculated in the harmonic approximation. The intensities of the Raman lines have been evaluated within the oriented gas model, using the polarizability and derivatives of the polarizability obtained by density functional theory (DFT) calculations for the isolated molecule. The DFT calculations have been performed basing on a GAMESS program suit [11, 12] and using a B3LYP functional and 6-31G(d,p) basis set.
The motion of a molecule under crystal lattice vibrations can be approximately considered as a translation of its mass centre, a rotation (or libration) and internal vibrations, so that the internal vibrations should satisfy the Eckart conditions [4] . New generalized coordinates for the displacement of molecule k are the centre of mass translation For the Brillouin zone centre (k = 0), the mass-weighted Cartesian and generalized coordinates are related to the phonon normal coordinates j Q [4] : In the oriented gas approximation, the influence of intermolecular interactions on the optical properties of the molecules and the difference between the macroscopic and local fields are neglected. The Raman tensor of the unit cell in the oriented gas approximation for the normal mode n can be expressed as [4] ( )
is the molecular polarizability tensor of the molecule k in motionless coordinate system of the crystal and Z the number of molecules in the unit cell:
Here ˆk
 is the matrix of direction cosines of the principal inertia axes , , The tensor
is the Raman tensor for the free molecule, which can be expressed in terms of polarizability derivatives with respect to the real displacements [13] : Here the polarization of the scattered light is directed along the axis γ and the incident radiation is polarized along β. Then the intensity has to been averaged as for polycrystalline samples [14] . We remind that the DFTB is an approximate quantum-chemical method based on the secondorder expansion of a Kohn-Sham total energy in the DFT with respect to the charge-density fluctuations. The unscaled frequencies of vibrations of the isolated HBO molecule calculated with the DFTB and DFT methods are compared in 
Results and discussion
As seen from On the other hand, the DFTB phonon calculations predict 57 lattice vibrations (see Table 2 Q  are presented in Table 2 for the one molecule. The components for the translational and librational motions do not exceed 0.05 for the vibrations with the frequencies above 150 cm -1 , so that the vibrations can be considered as entirely internal.
The results of comparison of the simulated and experimental Raman spectra (see Fig. 2 corresponds to the molecular bending vibration δ(phO-CCC)+δ(ph-9b). The largest intensity is obtained for the A 1 component (314 cm -1 ). Table 3 . Correlations among molecular symmetry, site symmetry and factor-group symmetry of intramolecular vibrations in the crystalline HBO.
Molecular symmetry (C s ) Site symmetry (C 1 ) Factor group symmetry (C 2v )
The geometry of the HBO molecules calculated inside the crystal is close to planar; the dihedral angles formed by benzoxazole and phenolic moieties do not exceed 3˚. Moreover, the isolated molecule is calculated to be more precisely planar. The molecules occupy general positions in the crystal cell, so that accurate separation of the translational and librational motions is not possible and the site symmetry remains C 1 . The crystal mode located at 104 cm -1 corresponds mainly to the internal vibrations which can be described as a mixture of the out-of-plane molecular modes at 47 and 60 cm -1 (see Table 2 ). The mode at 48 cm and 123 cm -1 (A 2 )) and the remaining vibrations are mixed with librations. However, the modes 116 and 121 cm -1 are mixtures of the in-plane and out-of-plane deformations that occur owing to symmetry lowering down to C 1 (see Table 3 ). The in-plane vibration modulates the distance between the O and N atoms. Finally, all the other modes lying in the region below 150 cm -1 represent mainly the mixed translation-librational external vibrations. The frequencies of the most intense Raman bands obtained following from our calculations demonstrate a good agreement with those of the bands actually observed in the measured spectrum. For instance, the intense band found theoretically at 37 cm -1 , which originates from the full-symmetry A 1 librational vibration around the principal axes u and w, is quite close to the narrow band observed at 33 cm -1 . 
Conclusion
The interactions among the HBO molecules in the crystalline state lead to appearance of the lattice vibrations in the region 15-150 cm -1 , which is typical for the organic molecular crystals. The lattice vibrations in the frequency region 15-95 cm -1 are mainly external, while a considerable contribution of intramolecular vibrations is found only for the twisting internal vibrations. In the region 95-150 cm -1 , the contribution of internal degrees of freedom is more significant. The inplane molecular bending vibration changes the distance between the O and N atoms constituting the hydrogen-transfer site and becomes split and mixed with both the out-of-plane and external vibrations. The vibrations located above 150 cm -1 are entirely internal and retain similarity to the corresponding molecular vibrations; a considerable splitting is found for the out-of-plane vibration located at 185 cm -1 .
The oriented gas model demonstrates that modulations of polarizability of the crystal originating from librations of the molecules, under the assumption of constant molecular polarizability, can be responsible for the intense bands observed in the spectrum. Finally, we are to note that the oriented gas model represents only a rough estimation of the relative intensities since it does not take into account the influence of intermolecular interactions on the polarizability of molecules. 
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